Equilibrium Constants and the meaning of “p”

Equilibrium constants are numbers that show a comparison between how much reactant and how much product exists at a certain equilibrium.  We will be looking a few situations that use equilibrium constants.  We first need to define them mathematically.  

Keq 
=
[products]


[reactants]

Keq
stands for “equilibrium constant”.  In chemistry “K” is a variable often used to note that it is a constant.  The “eq” in this case means it is an equilibrium constant.  The “eq” changes to “sp” when we are working with solutions and “a” or “b” if we are working with acids or bases.

[products] means concentration of the products.  Brackets, [  ],  are used in chemistry to mean “concentration of”.  

[reactants] means concentration of reactants.

As if this is not complicated enough, when solving Keq expressions, the coefficients of the balanced equation become exponents of the substance.  In addition, solids and liquids are not written in equilibrium constant expressions.  The reason they are not written is because as you add more solid or liquid, the concentration does not change.  With solids and liquids, the mass and volume are directly proportional and therefore you can not add more mass without adding more volume.  What is included in equilibrium constant expressions?  Aqueous solutions and gases are included in the [  ]  expressions.  You can add more solid to an aqueous solution without really changing the volume.  You can add more gas molecules to a container without changing the volume.  In both of these situations, you can change the concentration of particles in a given volume without really changing the volume.

Note that if the temperature changes, so does the value for K.  If the temperature stays the same, then the value of K remains constant regardless of the stress placed on the system.  

The more specific general Keq:

Keq
=
[C]c [D]d


[A]a [B]b
for the equation:

aA
+
bB
==
cC
+ 
dD

The lower case letters are coefficients, the capital letters represent substances. 

What information does Keq give you?

If the Keq is > 1, then the products are favored at equilibrium.

If the Keq is < 1, then the reactants are favored at equilibrium. 

I do not know why your textbook puts units in the Keq expressions because in the real world, there are no units in Keq expressions.  If you don’t believe me you can check out these websites:

http://dbhs.wvusd.k12.ca.us/Equilibrium/Calc-K-from-equilib-conc.html

http://www.learnchem.net/tutorials/eq.shtml

http://www.nyu.edu/classes/tuckerman/honors.chem/lectures/lecture_19/node6.html

Examples:

1. 
Cd(NO3)2 (aq)   +
Na2S(aq)
==
CdS(s)
+
2NaNO3(aq)

Keq
=
         [NaNO3]2


[Cd(NO3)2][Na2S]

Notice that CdS is not a part of the expression because it is a solid.  The “2” in front of NaNO3 becomes an exponent.

2.  

N2O4
+
heat

==
2NO2
Keq
=
[NO2]2


[N2O4]

If we are given that the concentration in the container is 0.030 mol/L for the NO2 and 0.0045 mol/L for the N2O4, we will have:


(0.030)2
=
(0.030)(0.030)



(0.0045)

(0.0045)    



=
0.20

In this situation, the reactants are favored at equilibrium because Keq is < 1.  

3. 
4NH3 (g)
+
5O2(g)

==
6H2O(g)
+
4NO(g)

gets written as:


Keq
=
[H2O]6 x [NO]4



[NH3]4 x [O2]5
If 
[H2O]
=   0.045 atm

[NO]
= 0.056 atm

[NH3]
= 0.081atm

[O2]
= 0.32 atm

then 
Keq
=
(0.045)6 x (0.056)4


(0.081)4  x (0.32)5

=
(8.30376 x 10-9)(9.834496 x 10-6)


(4.3046721x 10 –5)(3.3554432x 10-3)



=5.6537 x 10-7, rounded to sig figs (2) would be 5.7 x 10 –7

Keq is used in a general sense to look at whether reactants or products are favored.  When you specialize the Keq, more meaning is given to the number.

What are some specialized equilibrium constants?

The Solubility Product Constant is covered in chapter 21 of your book, p. 630 –635.  The number obtained gives you an idea of how soluble a salt is in water.  The greater the number, the more soluble it is.  By knowing a Ksp for a particular salt, you can calculate the Molarity a solution will be when it is saturated with that salt.  

For example:

AgCl(s)
==
Ag+(aq)
+
Cl-(aq)

Ksp (notice it is now Ksp not Keq)
for AgCl = 1.8x 10-10
(This number came from a table on p. 632)

Ksp
= 
Keq [AgCl]

=
[Ag+][Cl-]
=
1.8 x 10-10
(To get Ksp, the idea of Keq is multiplied by [AgCl], which is another constant.  What you get is a constant that technically is different than Keq, but is nonetheless an equilibrium constant, therefore the K.)

1.8 x 10-10
=  (Molarity of Ag+)(Molarity of Cl-)

Now we have to do a little thinking… Every molecule of AgCl that dissociates yields one ion of Ag+ and one ion of Cl-, so the Molarity of the Ag+ must equal the Molarity of the Cl-.  We’re going to use that information and now substitute into the equation such that:

Molarity of Ag+ 
= 
Molarity of Cl- 
= x

1.8 x 10-10
=
(x)(x)
=
x2
Take the square root of both sides to get:

1.34164 x 10-5 M to be the molarity of the Ag+ ions and the Cl- ions. 

Rounded to sig figs:  1.3 x 10-5 M. 

To see a really cool video of solubility, check out this website:

http://www.columbia.edu/cu/chemistry/edison/gallery/Lab4/Lab4_sol_prod_const.html

This website also has good graphics and explanations:

http://gaia.fc.peachnet.edu/tutor/ab15.htm

The acid dissociation constant is Ka and is found on pages 600 – 605 in your textbook.

To get Ka:

CH3COOH(aq)
+
H2O(l)

==
H3O+(aq)
+     CH3COO-(aq)

Ka
=
Keq [H2O]
=
[H3O+][CH3COO-]






    [CH3COOH]

In this situation, a few things need to be defined:

The H2O is in the liquid form, and therefore is considered constant.  When Keq is multiplied by [H2O] you get a new constant, Ka.  You can think of the “a” to stand for acid where Ka describes how strong or weak an acid is.  

The higher the number for Ka, the stronger the acid…the more the acid is in its ionic form and therefore more H3O+ ions are in solution.

When working with acids, we often refer to acids as releasing H+ ions.  Although true, what happens in water is the H+ ion combines with a water molecule to create the hydronium ion, H3O+.  You will often see H+ and H3O+ used interchangeably.  Don’t let it confuse you. 



2H2O(l)

==
H3O+
(aq)
+
OH- (aq)

or

H2O(l)


==
H+
(aq)
+
OH- (aq)

If you look at a chart for Ka, you will notice that very strong acids like HCl do not have a number.  This is because the acid is so strong, essentially none of it exists as HCl(aq).  In the Ka expression, if HCl(aq) is zero, then the expression has to not have a value because the zero is in the bottom (denominator.)


HCl (aq)
==
H+ (aq)
+ 
Cl- (aq)


Ka 
=
[H+] [Cl-]
=
[H+] [Cl-]
=
 zero




   [HCl]
   
   zero

Acids like acetic acid are weak acids, so some of the acid remains as CH3COOH(aq).  We can calculate a Ka for any acid that is weak enough so that there are still some non-ionized molecules in solution. 

Is the way equations are written important?

Since the equilibrium constant is always products over reactants, it DOES matter how equations are written.  For dissociation equations, when a salt dissolves in water or when an acid dissociates in water, the solid salt or complete acid is written on the left, the reactants, side.

AB (s)

==
A+ (aq)    +
B- (aq)

for ionic salts dissolving in water

HA (aq)
==
H+ (aq)    +
A- (aq) 
for acids  (H is hydrogen)

This way, the Ksp or the Ka is always referring to how many ions are in solution.  The ions are products and therefore their concentrations would be written on the top of the Ksp or Ka expression.

Another special Keq is Kw.  Kw is only for water, thus the “w”.

H2O (l)

==
H+(aq)

+
OH-(aq)

Like for Ksp, we take Keq and multiply it by [H2O] to get the notation Kw.  There is only one value for Kw: 1.0 x 10-14.

It is because this number is found experimentally that the pH scale is established.  How, you ask?  See below:

Kw
=
1.0 x 10-14
=
[H+][OH-]

Now [H+] = [OH-] because each water molecule dissociates to form one hydrogen ion (hydronium ion) and one hydroxide ion.  So if we set [H+] = x and [OH-] = x, we can now substitute x in the equation for [H+] and [OH-]:

1.0 x 10-14
= (x)(x)



= x2
square root both sides to get:

1.0 x 10-7 M for the concentration of H+ and OH-

How does this relate to pH?

p stands for –log of whatever the concentration is after it.  So pH means               –log[H+], or in words, the negative log of the hydrogen ion concentration.

If we take the negative log, -log, of 1.0 x 10-7 we get 7. 


-log 1.0 x 10-7
take the log, which = -7, then take the negative of it to get “7”.


(To do a log, type in 1.0 EE or EXP –7, then punch the “log” button.)

Thus for pure water, the pH is 7.  

One might think that 7 is a weird number to use to base a system in chemistry, but humans have no control over the concentration of H+ or OH- for pure water…we get that information experimentally.  Since the Kw is 1.0 x 10-14, we get the [H+] and the [OH-] for pure water to be 1.0 x 10-7.  When the –log of that number is taken, we get 7.  Seven is the pH and the pOH of pure water. 

Now what is even trickier for pH is the idea that the smaller the number for pH, the more acidic it is.  It seems backwards.  Well, look at this math and hopefully it will make more sense:

If [H+] is 1.0 x 10 –6 M, the pH is –log (1.0 x 10-6).

log of 1.0 x 10-6 = -6, take the negative of it, you get 6.

So 1.0 x 10-6 is ten times more concentrated for H+ ions than 1.0 x 10-7.  The pH for 1.0 x 10-7 M is 7, yet the pH for an acid that is 10 times more concentrated is 6.  Conceptually it is very challenging so you might have to think about it for a while. 

What is the pH for an acid whose [H+] is 1.0 x 10-3 M?  ( if you said 3, you’re right.)
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